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Abstract: Macrophages are polarized into different phenotypes depending on tissue microenvironment
where they reside. In obesity-associated inflammation, M1-type macrophages are predominant in
the inflamed tissue, exerting pro-inflammatory responses. Our previous studies demonstrate
that blackcurrant consumption attenuates hepatic inflammation and lipopolysaccharide-stimulated
inflammatory responses of splenocytes in obese mice. In this study, we determined whether
blackcurrant modulates macrophage phenotypes to exert its anti-inflammatory action. Mouse bone
marrow-derived macrophages (BMDM) and human THP-1 macrophages were polarized into M1
macrophages in the presence or absence of blackcurrant extract (BCE). BCE repressed M1 polarization
of both murine and human macrophages. Also, to gain insight into the role of blackcurrant metabolites
produced in vivo in the regulation of macrophage phenotypes, BMDM were treated with serum
obtained from lean or obese mice fed blackcurrant. While serum from lean mice fed blackcurrant
did not exert either anti-inflammatory actions or suppressive effects on M1 polarization, serum
from obese mice fed blackcurrant reduced the expression of pro-inflammatory genes in BMDM. Our
data demonstrate that BCE suppresses M1 polarization, with reduced pro-inflammatory responses.
Moreover, this study suggests that blackcurrant metabolites may not exert their anti-inflammatory
effect directly by altering macrophage phenotypes, but possibly by inhibiting the production of
obesity-associated inflammatory factors.
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1. Introduction

Macrophages are a heterogeneous population of immune cells that are distributed in all organs
and play a crucial role in tissue homeostasis and host defense [1]. Macrophages are functionally
plastic in response to inflammatory cues from microbial products, damaged tissues, and activated
lymphocytes [2,3]. The functional change or adaptation of macrophages in response to stimuli is
referred to as macrophage polarization [4]. Polarized macrophages are broadly categorized into
classically activated M1 macrophages and alternatively activated M2 macrophages [5]. Typical
stimuli that induce M1 polarization are interferon y (IFNy), tumor necrosis factor « (TNFe), and
lipopolysaccharide (LPS), while interleukin-4 (IL-4), IL-10, and IL-13 are known to stimulate M2
polarization [5,6]. M1 macrophages produce pro-inflammatory cytokines, e.g., TNF, IL-1§3, IL-12, and
IL-6, and reactive oxygen species (ROS) [5,6]. On the other hand, M2 macrophages are specialized to
produce immune-modulatory and reparative mediators such as IL-10, transforming growth factor 3
(TGEp), IL-4, and IL-13, and to clear apoptotic cells due to their high phagocytosis capacity [7].

In obesity-associated inflammation, M1 macrophages are predominant in the inflamed tissue,
producing ROS, nitric oxide (NO), and pro-inflammatory cytokines [8], which aggravate inflammation
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and damage tissue. Specifically, studies have reported that M1 macrophages in the liver and adipose
tissue are increased in obesity [9-12]. Therefore, it is beneficial to inhibit macrophage polarization into
M1 or to shift macrophage phenotype toward anti-inflammatory and pro-resolving M2 macrophages
to prevent obesity-associated inflammation [13].

Blackcurrant (Ribes nigrum) is a type of berries originated from Northern Asia and Europe,
and started to gain its popularity in the U.S. from the early 2000s [14]. Blackcurrant contains high
phenolic compounds the majority of which are anthocyanins [14]. Specifically, we previously reported
that the major anthocyanins in blackcurrant are delphinidin-3-rutinoside, cyanidin-3-rutinoside,
delphinidin-3-glucoside, and cyanidin-3-glucoside [15]. The anthocyanins in blackcurrant contribute
to its antioxidant, anti-inflammatory, and anti-microbial properties [14-18].

Our previous studies demonstrated that polyphenol-rich blackcurrant extract (BCE) prevented
inflammation in the liver and adipose tissue of diet-induced obesity (DIO) mice [19,20]. Furthermore,
we have shown increases in the hepatic expression of M1 macrophage markers, which was significantly
attenuated by blackcurrant in DIO mice [12]. In the present study, we further investigated whether
blackcurrant can modulate macrophage phenotypes to exert its anti-inflammatory actions with a
primary focus on the role of blackcurrant in the regulation of macrophage polarization in vitro, utilizing
both mouse and human macrophages.

2. Materials and Methods

2.1. Animal Care and Diet

Seven-week-old male C57BL/6] mice (Jackson Laboratory, Bar Harbor, ME, USA) were randomly
assigned into four groups: a low fat control (LF; 13% energy from fat, n = 7), a LF with blackcurrant
(LF-BC; 6% of freeze-dried, whole blackcurrant powder by weight, n = 7), an obesogenic high
fat/high sucrose control (HF; 57%/28% energy from fat/sucrose, n = 14), or a HF containing 6%
blackcurrant powder (HE-BC, nn = 15), as we previously described [12]. As C57BL/6] mice are prone to
develop obesity [21], mice fed a LF or LE-BC were on the experimental diets for one week to avoid
any compounding effects of obesity-induced pro-inflammatory mediators in the circulation. HF or
HF-BC-fed mice were on the experimental diets for 22-23 weeks for serum collection. Serum samples
were collected by cardiac puncture or from the lateral tail vein, followed by incubation for 30 min
at room temperature and centrifugation at 2,000 X g at 4 °C for 10 min for clot removal. Serum was
obtained during a feeding cycle to capture circulating blackcurrant metabolites. Mice were housed in a
controlled environment under a 12-h light/dark cycle with free access to food and water. All procedures
were approved by the Institutional Animal Care and Use Committee of the University of Connecticut.

2.2. Cell Culture and Treatments

Murine RAW 264.7 macrophages and human THP-1 monocytes were purchased from ATCC
(Manassas, VA, USA). The cells were maintained in RPMI-1640 supplemented with 10% fetal bovine
serum, 2 mmol/L L-glutamine, 1x vitamin mix, 100 U/mL penicillin, and 100 pug/mL streptomycin.
THP-1 macrophages were prepared by differentiation of THP-1 monocytes using 10 ng/mL of phorbol
12-myristate 13-acetate (PMA) for 24 h, followed by 24 h of resting in a regular growth medium without
PMA. Mouse bone marrow-derived macrophages (BMDM) were differentiated from bone marrow
cells isolated from the tibia and femur of C57BL/6] mice as we previously described [22]. All cells
were cultured in a humidified incubator at 37 °C with 5% CO,. For experiments, RAW macrophages
were pre-treated with 0, 25, 50, 75, or 100 pug/mL of BCE (Artemis International, Fort Wayne, IN, USA)
for 24 h, and then stimulated with 100 ng/mL of LPS for 6 h. BMDM were treated with 15% serum
collected from mice fed one of the experimental diets for 18 h. For polarization experiments, BMDM
were polarized into M1 macrophages by IFNy and TNF« (10 ng/mL each; R&D Systems, Minneapolis,
MN, USA) in the absence or presence of 50 ug/mL of BCE or 15% mouse serum for 24 h. A set of
polarized BMDM was stimulated with 10 ng/mL of LPS for an additional 6 h. THP-1 macrophages
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were polarized into M1 using 25 ng/mL each of IFNy and TNF« for 24 h with or without 50 ug/mL of
BCE. All experiments were conducted at least 2-3 times in triplicates each time.

2.3. Cytokine Secretion Analysis

After 24 h of polarization of THP-1 macrophages, 500 uL of cell culture supernatant was used
to characterize secreted cytokines using a Proteome Profiler Human Cytokine Array (R&D Systems)
according to the manufacturer’s instruction.

2.4. Reverse Transcription and Quantitative Real-Time PCR (qRT-PCR)

Total RNA was isolated from cells using TRIzol reagent (Invitrogen, Grand Island, NY, USA) and
reverse transcribed as previously described [23]. qRT-PCR analysis was performed using the SYBR
Green procedure and CFX96TM real-time PCR detection system (BioRad, Hercules, CA, USA). Data
were analyzed by the 27#4¢T method. Ribosomal protein lateral stalk subunit PO (RPLP0) was used as
a reference gene for data normalization. Primer sequences will be available upon request.

2.5. Statistical Analysis

One-way analysis of variance and Tukey’s post hoc analysis or unpaired ¢-test where appropriate
were performed using GraphPad Prism 6 (GraphPad Software, La Jolla, CA, USA). P values less
than 0.05 were considered significant, and all values are expressed as mean + standard error of the
mean (SEM).

3. Results

3.1. Repression of LPS Stimulated-Inflammatory Responses by BCE in RAW 264.7 Macrophages

In our previous study, we found blackcurrant consumption attenuated obesity-associated
inflammation in the liver and LPS-stimulated inflammatory responses of splenocytes in HF
diet-fed C57BL/6 mice [12]. As macrophages play a major role in inflammation, we determined
whether blackcurrant exerts its anti-inflammatory actions via suppressing inflammatory responses in
macrophages using polyphenol-rich BCE. BCE treatment decreased IL-1(3 and IL-6 mRNA levels upon
LPS stimulation in RAW 264.7 macrophages (Figure 1A). Also, RAW 264.7 macrophages pre-treated
with BCE attenuated mRNA abundance of IL-13 and IL-6 throughout 24 h of LPS stimulation, while
TNFx mRNA was reduced by BCE until 6 h (Figure 1B).
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Figure 1. Effect of blackcurrant extract (BCE) on the expression of inflammatory genes in RAW 264.7
macrophages. (A) mRNA levels of interleukin-1 (IL-1f3) and IL-6 in RAW 264.7 macrophages. Cells
were pre-treated with 0 (control; C), 25, 50, 75, or 100 pg/mL of BCE for 24 h, and then stimulated with
100 ng/mL of lipopolysaccharide (LPS) for 6 h. (B) mRNA levels of IL-13, IL-6, and tumor necrosis
factor o« (TNF«x) in RAW 264.7 macrophages. Macrophages were pre-treated with 0 (control; C) or
50 pg/mL of BCE for 24 h and then stimulated with 100 ng/mL of LPS for 0, 1, 4, 6, 12, or 24 h. Data
were normalized by no LPS control. Data are shown as mean + SEM. Different letters show significant
differences (p < 0.05). *, p < 0.05 vs. control.

3.2. Suppression of Macrophage Polarization into M1 by BCE in BMDM

Increases in total macrophage numbers and the population of pro-inflammatory M1 macrophages
in adipose tissue and the liver have been reported as a hallmark of obesity-associated chronic
inflammation [9-12]. As LPS stimulated-inflammatory responses are closely related to M1
polarization [6], we determined whether the anti-inflammatory actions of BCE in macrophages
could be attributable to its ability to suppress macrophage polarization to M1. BMDM were polarized
into M1 macrophages using IFNy and TNF« in the presence or absence of BCE. The expression of M1
macrophage markers, such as IL-1f, inducible NO synthase (iNOS), C-X-C motif ligand 9 (CXCL9),
and TNF«, was induced when BMDM were polarized into M1. Importantly, the induction of IL-13,
iNOS, and CXCL9 expression was significantly reduced by BCE, while TNFox mRNA was not altered
(Figure 2A). Furthermore, evidence suggests that a shift of the macrophage population to M2-type is
protective against obesity-associated inflammation [11,24]. mRNA levels of M2 markers, including
arginase (ARG1) and chitinase-like 3 (CHIL3), were increased in M1 macrophages, while mannose
receptor C-type 1 (MRC1) mRNA was reduced, and resistin-like alpha (RETNLA) mRNA was not
altered (Figure 2B). However, BCE attenuated the expression of ARG1 and RETNLA, and further
decreased MRC1 expression.
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Figure 2. Expression of M1 and M2 marker genes in mouse bone marrow-derived macrophages
(BMDM). BMDM were polarized to M1 using interferon y (IFNy) and tumor necrosis factor o (TNF«x)
(10 ng/mL each) with or without 50 ug/mL of blackcurrant extract (BCE) for 24 h. (A) The expression
of M1 markers. (B) The expression of M2 markers. Data are shown as mean + SEM. *, p < 0.05 vs.
respective no BCE control. #, p < 0.05 vs. control within no or BCE treatment.

3.3. Characterization of M1 Polarization in Human THP-1 Macrophages and the Role of BCE in Macrophage
M1 Polarization

It is noted that human and murine macrophages have different phenotypical characteristics, such
as NO metabolism and marker genes [25]. Therefore, we determined whether BCE exerts the repressive
effect on macrophage polarization into M1 in human THP-1 macrophages. THP-1 macrophages were
polarized into M1 macrophages using IFNy and TNF«, and cytokines in cell culture medium were
determined using a human cytokine array (Figure 3A). Macrophage polarization into M1 increased the
secretion of C-C motif chemokine ligand 5 (CCL5), IL-8, intercellular adhesion molecule 1 (ICAM1),
and CXCL10 in THP-1 macrophages, while the secretion of macrophage migration inhibitory factor
(MIF), IL-1 receptor antagonist (IL-1Ra), and macrophage inflammatory protein 1 alpha (MIP-1a) was
unchanged by M1 polarization (Figure 3B). Furthermore, THP-1 macrophages were polarized into M1
using two combinations of stimuli, i.e., IFNy + TNFo or IFNYy + LPS, as LPS is also considered as a
major stimulus for M1 polarization. The expression of M1 marker, CXCL10, was significantly higher in
macrophages stimulated by IFNy and LPS than those polarized using IFNy and TNF« (Figure 3C).
Importantly, the CXCL10 mRNA abundance was significantly reduced by BCE in M1 macrophages
polarized by both stimuli combinations (Figure 3C).
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Figure 3. Characterization of cytokine secretion in human THP-1 macrophages. THP-1 monocytes were
differentiated into macrophages in the presence of phorbol 12-myristate 13-acetate (PMA, 10 ng/mL) for
24 h. Subsequently, cells were incubated in regular growth medium without PMA for 24 h for resting,
after which they were polarized into M1 using interferon y (IFNy) and tumor necrosis factor o« (TNFw)
or IFNYy and lipopolysaccharide (LPS) (25 ng/mL each). (A) Human cytokine array. Cell culture media
from control (C, not treated with cytokines) or M1 macrophages (IFNy and TNF«) were used to detect
cytokines secreted from cells using a human cytokine array. Cytokine array layout is shown in the
bottom. (B) Quantification of cytokines from the cytokine array. The intensity for each cytokine was
normalized by positive controls for each blot. *, p < 0.05 vs. control. (C) The expression of C-X-C motif
ligand 10 (CXCL10) in polarized THP-1 macrophages. Blackcurrant extract (BCE, 50 pg/mL) or control
was treated during 24 h of polarization. Data are shown as mean + SEM. *, p < 0.05 vs. respective no
BCE control.

3.4. Attenuation of Inflammatory Responses to LPS Stimulation in both Resting and Polarized BMDM

As we observed BCE reduced M1 polarization in both murine and human macrophages, we
further investigated whether the effect of BCE on M1 polarization leads to different inflammatory
responses to LPS stimulation. BMDM were polarized into M1 with or without BCE, after which they
were stimulated with LPS. The LPS-induced expression of pro-inflammatory genes, including IL-1f3,
IL-6, and TNF«, was markedly attenuated by BCE in M1 macrophages (Figure 4). The reduction in the
expression of IL-1(3, IL-6, and TNFo was also observed in BCE-treated control group (Figure 4).
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Figure 4. Expression of pro-inflammatory genes upon lipopolysaccharide (LPS) stimulation in M1
polarized mouse bone marrow-derived macrophages (BMDM). BMDM were polarized to M1 using
interferon y (IFNy) and tumor necrosis factor o (TNF«) (10 ng/mL each) with or without 50 pg/mL of
blackcurrant extract (BCE) for 24 h, followed by stimulation with 10 ng/mL of LPS for 3 h. Data are
shown as mean + SEM. *, p < 0.05 vs. respective no BCE control.

3.5. Effect of Mouse Serum in BMDM and Its Polarization

The major components of BCE are anthocyanins, which are highly metabolized in vivo. Therefore,
BMDM were treated with serum collected from mice fed a diet containing 6% whole blackcurrant (w/w).
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Blood was collected during the feeding cycle to capture blackcurrant metabolites in serum. Furthermore,
we had two different sets of mice, i.e., LF and LF-BC, or HF and HF-BC. LF or LF-BC-fed mice were
on the experimental diets only for one week to prevent any confounding effects of obesity-induced
pro-inflammatory mediators in the circulation. On the other hand, mice fed a HF or HF-BC were on
the experimental diets for 22-23 weeks. Treatment of serum from mice fed a LF-BC did not change
the expression of pro-inflammatory genes, i.e., IL-13, TNF«, and IL-6, compared to that of LF control
(Figure 5A). However, IL-6 mRNA was trending toward a decrease by HF-BC serum compared to that
of HF control, with minimal changes in IL-1p and TNFoe mRNA (Figure 5B). Furthermore, when serum
from LF or LF-BC-fed mice was treated during BMDM polarization into M1 using IFNy and TNF«,
there was no significant difference in the expression of M1 markers between LF or LF-BC serum-treated
BMDM (Figure 6).
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Figure 5. Expression of pro-inflammatory genes in mouse bone marrow-derived macrophages (BMDM)
treated with serum from mice fed blackcurrant. (A) Mouse serum was collected during the feeding
cycle from mice fed a low fat control (LF) or a LF with blackcurrant (LF-BC, LF supplemented with 6%
of freeze-dried whole blackcurrant powder by weight) for one week (n = 7 per group). BMDM were
treated with 15% serum for 18 h for gene analysis. (B) Mouse serum was collected during the feeding
cycle from mice fed an obesogenic high fat/high sucrose control (HF) or a HF with 6% blackcurrant
(HE-BC) for 22-23 week (1 = 14 and 15, respectively). Serum samples from three mice were pooled and
BMDM were treated with 15% the serum for 18 h. Data are shown as mean + SEM.
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Figure 6. Expression of M1 marker genes in mouse bone marrow-derived macrophages (BMDM) treated
with serum from mice fed a low fat control (LF) or a LF with blackcurrant (LF-BC, LF supplemented
with 6% of freeze-dried whole blackcurrant powder by weight) for one week (1 = 7 per group). Serum
samples from two or three mice were pooled and BMDM were polarized into M1 using interferon y
(IFNy) and tumor necrosis factor e (TNF«x) (10 ng/mL each) for 24 h in the presence of 15% mouse
serum. Data are shown as mean + SEM. *, p < 0.05 vs. respective control.
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4. Discussion

In our previous study, we have shown anti-inflammatory effects of whole blackcurrant
consumption in the liver of DIO mice, attenuating the development of non-alcoholic fatty liver
disease [12]. Importantly, we found blackcurrant supplementation reduced obesity-induced
macrophage infiltration into the liver with a decrease in the expression of M1 macrophage markers.
While M1 macrophages are increased during obesity-associated chronic inflammation, a reduction
in M1 population is shown to prevent chronic inflammation in the liver and adipose tissue [9-12,24].
Therefore, in the present study, we evaluated whether blackcurrant exerts its anti-inflammatory effect
in macrophages via the modulation of macrophage phenotypes. Here, we demonstrated that BCE
represses the polarization of M1 macrophages in both mouse and human macrophages, which is
likely attributable to its anti-inflammatory effects in vivo. Furthermore, blackcurrant metabolites may
not directly alter macrophage phenotypes, rather they may possibly modulate obesity-associated
circulating pro-inflammatory factors, resulting in attenuated inflammatory responses in macrophages.

Macrophages are polarized into different phenotypes depending on types of stimuli in the
microenvironment of tissues. Local immune milieu can be classified into T helper type 1 (Th1) and
Th2, which are associated with differentiation of classically activated M1 and alternatively activated
M2 macrophages, respectively [26]. Therefore, Th1 cytokines such as IFNy and TNFo are commonly
used as agents for M1 polarization [26]. The polarization of BMDM into M1 macrophages induced the
expression of IL-13, TNFa, CXCL9, and iNOS; however, BCE attenuated the induction, suggesting
its repressive effect on macrophage M1 polarization. Suppressed M1 polarization led to diminished
LPS-induced inflammatory responses in BMDM with less production of pro-inflammatory cytokines
upon LPS stimulation than the control. Therefore, our data indicate that BCE represses M1 polarization
in BMDM, which reduces inflammatory actions that could otherwise be triggered by various stimuli
present in obesity-associated inflammation.

Certain characteristics of human and murine macrophages are known to be different [25,27].
For example, murine macrophages produce large amounts of NO and L-citrulline from L-arginine
through the action of iNOS [25]. Also, murine macrophages produce tetrahydrobiopterin (BH4),
which stabilizes iNOS. However, human macrophages do not have an iNOS activity or synthesize
BH4 [28]. Also, murine M2 macrophages are characterized by consumption of L-arginine by arginase
enzyme, whose activity is controversial in human macrophages [25]. Therefore, we confirmed whether
the suppressive action of BCE in M1 polarization is also present in human macrophages. We found
BCE treatment during M1 polarization decreased the expression of M1 marker, CXCL10, which was
consistent with murine macrophages, suggesting the repressive action of BCE in M1 polarization.
Therefore, our data demonstrated that the anti-inflammatory effect of BCE through the modulatory
effect of macrophage phenotype is consistent in both murine and human macrophages.

Even though we observed BCE plays a role in the modulation of macrophage phenotypes, we
acknowledge that BCE is a polyphenol-rich extract. Anthocyanins are known to be biotransformed
in vivo and therefore they primarily exist as their metabolized forms—such as phenolic acids and
aldehydes, and methyl, sulfate, and glucuronyl conjugates in the circulation [29]. To gain insight into
the effect of blackcurrant consumption on the modulation of macrophage phenotypes in vivo, serum
samples from lean and obese mice fed blackcurrant were collected during a feeding cycle to capture
blackcurrant metabolites in the circulation. Serum from lean mice fed blackcurrant did not elicit either
anti-inflammatory or suppressive effects on M1 polarization, suggesting that blackcurrant metabolites
may not exert the anti-inflammatory effect in macrophages by directly altering macrophage phenotypes
as does BCE. However, we cannot rule out the possibility that the amount of the metabolites in serum
to which BMDM were exposed might not represent the similar levels of blackcurrant metabolites
in vivo. On the other hand, BMDM treated with serum from obese mice fed blackcurrant showed less
expression of pro-inflammatory genes. As the anti-inflammatory action of blackcurrant-fed mouse
serum was only seen with HF group, it is presumed that the anti-inflammatory effect of serum from
blackcurrant-fed obese mice is possibly through the reduction of circulating inflammatory mediators
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by blackcurrant consumption. Notably, increases in pro-inflammatory insults (e.g., C-reactive protein,
IL-6, IL-8, TNF«, non-esterified fatty acids, ROS, and endotoxin) and decreases in anti-inflammatory
factors (e.g., IL-10 and insulin-like growth factor) in blood have been reported in obese subjects [30,31].
As we did not observe either any increase in serum free fatty acids by HF diet or its reduction by
blackcurrant consumption in obese mice [12], further studies are warranted to elucidate whether
inflammation-modulating factors are altered in the serum of mice fed a HF-BC and whether the changes
exert anti-inflammatory effects in macrophages.

Furthermore, the levels of circulating miRNAs such as miR-34a, miR-126, miR-146a, miR-150,
miR-140-5p, miR-142-3p, miR-222, and miR-148a are altered in obese humans [32-34]. Indeed, we have
reported a reduction in circulating miR-148a levels by blackcurrant consumption in obese mice [12],
which may contribute to the anti-inflammatory action of blackcurrant, as miR-148a is suggested to
promote M1 polarization [35]. Although analysis of blackcurrant metabolites in the circulation is
beyond the scope of the present study, our result suggests that blackcurrant metabolites may not exert
anti-inflammatory actions through the same mechanisms as does BCE. Instead, it is probable that
in vivo anti-inflammatory effects of blackcurrant are likely mediated at least through the modulation
of circulating obesity-associated inflammatory factors.

Although serum collected from blackcurrant-fed mice did not alter macrophage phenotypes,
we speculate that the modulatory effect of blackcurrant polyphenols on macrophage phenotype
is still valid at least in the intestine where macrophages are likely exposed to intact polyphenols.
Importantly, intestinal macrophages are constantly renewed by Ly6CM monocytes, which differentiate
into M1 macrophages, in response to low inflammatory signals from luminal contents and gut
microbiota [36]. Furthermore, hyporesponsiveness to bacterial ligands is one of the characteristics of
intestinal macrophages for gut homeostasis [37]. Therefore, the suppressive effect on M1 polarization
of polyphenols in blackcurrant may be beneficial for obesity-associated inflammation in intestinal
macrophages, which could affect inflammatory states at the whole body level.

5. Conclusions

In this present study, we demonstrated that BCE suppresses M1 polarization of macrophages,
leading to repressed pro-inflammatory responses. Furthermore, this study suggests that metabolites of
blackcurrant may not exert the anti-inflammatory effect of blackcurrant directly by altering macrophage
phenotypes, but it may attenuate inflammatory responses in macrophages by modulating levels of
obesity-induced circulating pro-inflammatory factors.

Author Contributions: Y.L. conducted experiments, analyzed data, and contributed to manuscript preparation.
J.-Y.L. designed the study, analyzed data, and contributed to manuscript preparation. All authors read and
approved the final manuscript.

Funding: This study was supported by USDA NIFA CONS2015-05512, USDA Hatch CONS00972, and USDA
Multistate Hatch CONS00992 to J. Lee.

Acknowledgments: Blackcurrant extract and freeze-dried, whole blackcurrant powder were kindly provided by
Artemis International (Forte Wayne, IN) and FutureCeuticals (Momence, IL), respectively.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Gordon, S. Alternative activation of macrophages. Nat. Rev. Immunol. 2003, 3, 23. [CrossRef] [PubMed]
Murray, PJ. Macrophage Polarization. Annu. Rev. Physiol. 2017, 79, 541-566. [CrossRef] [PubMed]

3. Sica, A.; Mantovani, A. Macrophage plasticity and polarization: In vivo veritas. J. Clin. Investig. 2012, 122,
787-795. [CrossRef] [PubMed]

4. Martinez, F.O; Sica, A.; Mantovani, A.; Locati, M. Macrophage activation and polarization. Front. Biosci.
2008, 13, 453-461. [CrossRef] [PubMed]

5. Krenkel, O.; Tacke, F. Liver macrophages in tissue homeostasis and disease. Nat. Rev. Immunol. 2017, 17, 306.
[CrossRef] [PubMed]


http://dx.doi.org/10.1038/nri978
http://www.ncbi.nlm.nih.gov/pubmed/12511873
http://dx.doi.org/10.1146/annurev-physiol-022516-034339
http://www.ncbi.nlm.nih.gov/pubmed/27813830
http://dx.doi.org/10.1172/JCI59643
http://www.ncbi.nlm.nih.gov/pubmed/22378047
http://dx.doi.org/10.2741/2692
http://www.ncbi.nlm.nih.gov/pubmed/17981560
http://dx.doi.org/10.1038/nri.2017.11
http://www.ncbi.nlm.nih.gov/pubmed/28317925

Nutrients 2019, 11, 975 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Tacke, F.; Zimmermann, H.W. Macrophage heterogeneity in liver injury and fibrosis. J. Hepatol. 2014, 60,
1090-1096. [CrossRef]

Részer, T. Understanding the Mysterious M2 Macrophage through Activation Markers and Effector
Mechanisms. Mediators Inflamm. 2015, 2015, 16. [CrossRef]

Marra, F; Lotersztajn, S. Pathophysiology of NASH: Perspectives for a targeted treatment. Curr. Pharm. Des.
2013, 19, 5250-5269. [CrossRef]

Fujisaka, S.; Usui, L; Bukhari, A.; Ikutani, M.; Oya, T.; Kanatani, Y.; Tsuneyama, K.; Nagai, Y.; Takatsu, K,;
Urakaze, M.; et al. Regulatory Mechanisms for Adipose Tissue M1 and M2 Macrophages in Diet-Induced
Obese Mice. Diabetes 2009, 58, 2574-2582. [CrossRef] [PubMed]

Lumeng, C.N.; Bodzin, J.L.; Saltiel, A.R. Obesity induces a phenotypic switch in adipose tissue macrophage
polarization. J. Clin. Investig. 2007, 117, 175-184. [CrossRef]

Wan, J.; Benkdane, M.; Teixeira-Clerc, F.; Bonnafous, S.; Louvet, A.; Lafdil, F,; Pecker, F; Tran, A.; Gual, P;
Mallat, A.; et al. M2 Kupffer cells promote M1 Kupffer cell apoptosis: A protective mechanism against
alcoholic and nonalcoholic fatty liver disease. Hepatology 2014, 59, 130-142. [CrossRef]

Lee, Y.; Pham, T.X,; Bae, M.; Hu, S.; O’Neill, E.; Chun, O.K.; Han, M.].; Koo, S.I.; Park, Y.-K.; Lee, J.-Y.
Blackcurrant (Ribes nigrum) Prevents Obesity-Induced Nonalcoholic Steatohepatitis in Mice. Obesity 2019,
27,112-120. [CrossRef]

Han, Y.-H.; Kim, H.-J.; Na, H.; Nam, M.-W.; Kim, J.-Y.; Kim, J.-S.; Koo, S.-H.; Lee, M.-O. ROR«x Induces
KLF4-Mediated M2 Polarization in the Liver Macrophages that Protect against Nonalcoholic Steatohepatitis.
Cell Rep. 2017, 20, 124-135. [CrossRef]

Gopalan, A.; Reuben, S.C.; Ahmed, S.; Darvesh, A.S.; Hohmann, ].; Bishayee, A. The health benefits of
blackcurrants. Food Funct. 2012, 3, 795-809. [CrossRef]

Lee, S.G.; Kim, B.; Yang, Y.; Pham, T.X,; Park, Y.-K.; Manatou, J.; Koo, S.I.; Chun, O.K,; Lee, J.-Y. Berry
anthocyanins suppress the expression and secretion of proinflammatory mediators in macrophages by
inhibiting nuclear translocation of NF-«B independent of NRF2-mediated mechanism. J. Nutr. Biochem. 2014,
25,404-411. [CrossRef]

Slimestad, R.; Solheim, H. Anthocyanins from black currants (Ribes nigrum L.). J. Agric. Food Chem. 2002, 50,
3228-3231. [CrossRef] [PubMed]

Kim, B.; Lee, S.G.; Park, Y.-K; Ku, C.S.; Pham, T.X.; Wegner, C.J.; Yang, Y.; Koo, S.I.; Chun, O.K,; Lee, J.-Y.
Blueberry, blackberry, and blackcurrant differentially affect plasma lipids and pro-inflammatory markers in
diet-induced obesity mice. Nutr. Res. Pract. 2016, 10, 494-500. [CrossRef]

Lee, S.G.; Kim, B.; Soung, D.Y.; Vance, T.; Lee, ].S.; Lee, J.-y.; Koo, S.I.; Kim, D.-O.; Drissi, H.; Chun, O.K.
Relationship between oxidative stress and bone mass in obesity and effects of berry supplementation on bone
remodeling in obese male mice: An exploratory study. J. Med. Food 2015, 18, 476-482. [CrossRef] [PubMed]
Benn, T.; Kim, B.; Park, Y.-K,; Yang, Y.; Pham, T.X,; Ku, C.S; Farruggia, C.; Harness, E.; Smyth, J.A; Lee, ].-Y.
Polyphenol-rich blackcurrant extract exerts hypocholesterolaemic and hypoglycaemic effects in mice fed a
diet containing high fat and cholesterol. Br. ]. Nutr. 2015, 113, 1697-1703. [CrossRef] [PubMed]

Benn, T.; Kim, B.; Park, Y.-K.; Wegner, C.J.; Harness, E.; Nam, T.-G.; Kim, D.-O.; Lee, ]J.S.; Lee, J.-Y.
Polyphenol-rich blackcurrant extract prevents inflammation in diet-induced obese mice. J. Nutr. Biochem.
2014, 25, 1019-1025. [CrossRef] [PubMed]

Krishna, K.B.; Stefanovic-Racic, M.; Dedousis, N.; Sipula, I.; O’'Doherty, R.M. Similar degrees of obesity
induced by diet or aging cause strikingly different immunologic and metabolic outcomes. Physiol. Rep. 2016,
4,e12708. [CrossRef]

Pham, T.X.; Bae, M; Lee, Y.; Park, Y.-K,; Lee, J.-Y. Transcriptional and posttranscriptional repression of histone
deacetylases by docosahexaenoic acid in macrophages. J. Nutr. Biochem. 2018, 57, 162-169. [CrossRef]
Pham, T.X,; Park, YK.; Bae, M.; Lee, ].Y. The Potential Role of an Endotoxin Tolerance-Like Mechanism for
the Anti-Inflammatory Effect of Spirulina platensis Organic Extract in Macrophages. J. Med. Food 2017, 20,
201-210. [CrossRef] [PubMed]

Kitade, H.; Sawamoto, K.; Nagashimada, M.; Inoue, H.; Yamamoto, Y.; Sai, Y.; Takamura, T.; Yamamoto, H.;
Miyamoto, K.-i.; Ginsberg, H.N.; et al. CCR5 Plays a Critical Role in Obesity-Induced Adipose Tissue
Inflammation and Insulin Resistance by Regulating Both Macrophage Recruitment and M1/M2 Status.
Diabetes 2012, 61, 1680-1690. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jhep.2013.12.025
http://dx.doi.org/10.1155/2015/816460
http://dx.doi.org/10.2174/13816128113199990344
http://dx.doi.org/10.2337/db08-1475
http://www.ncbi.nlm.nih.gov/pubmed/19690061
http://dx.doi.org/10.1172/JCI29881
http://dx.doi.org/10.1002/hep.26607
http://dx.doi.org/10.1002/oby.22353
http://dx.doi.org/10.1016/j.celrep.2017.06.017
http://dx.doi.org/10.1039/c2fo30058c
http://dx.doi.org/10.1016/j.jnutbio.2013.12.001
http://dx.doi.org/10.1021/jf011581u
http://www.ncbi.nlm.nih.gov/pubmed/12009991
http://dx.doi.org/10.4162/nrp.2016.10.5.494
http://dx.doi.org/10.1089/jmf.2013.0182
http://www.ncbi.nlm.nih.gov/pubmed/25198411
http://dx.doi.org/10.1017/S0007114515001105
http://www.ncbi.nlm.nih.gov/pubmed/25899149
http://dx.doi.org/10.1016/j.jnutbio.2014.05.008
http://www.ncbi.nlm.nih.gov/pubmed/25034502
http://dx.doi.org/10.14814/phy2.12708
http://dx.doi.org/10.1016/j.jnutbio.2018.03.002
http://dx.doi.org/10.1089/jmf.2016.0119
http://www.ncbi.nlm.nih.gov/pubmed/28121488
http://dx.doi.org/10.2337/db11-1506
http://www.ncbi.nlm.nih.gov/pubmed/22474027

Nutrients 2019, 11, 975 11 of 11

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

Schneemann, M.; Schoeden, G. Macrophage biology and immunology: Man is not a mouse. J. Leukoc. Biol.
2007, 81, 579. [CrossRef]

Shapouri-Moghaddam, A.; Mohammadian, S.; Vazini, H.; Taghadosi, M.; Esmaeili, S.-A.; Mardani, F; Seifi, B.;
Mohammadi, A.; Afshari, J.T.; Sahebkar, A. Macrophage plasticity, polarization, and function in health and
disease. |. Cell. Physiol. 2018, 233, 6425-6440. [CrossRef]

Mestas, J.; Hughes, C.C.W. Of Mice and Not Men: Differences between Mouse and Human Immunology.
J. Immunol. 2004, 172, 2731-2738. [CrossRef] [PubMed]

Schoedon, G.; Schneemann, M.; Hofer, S.; Guerrero, L.; Blau, N.; Schaffner, A. Regulation of the
L-arginine-dependent and tetrahydrobiopterin-dependent biosynthesis of nitric oxide in murine macrophages.
Eur. |. Biochem. 1993, 213, 833-839. [CrossRef]

Hribar, U.; Ulrih, N.P. The metabolism of anthocyanins. Curr. Drug Metab. 2014, 15, 3-13. [CrossRef]
McGuire, T.R.; Brusnahan, S.K.; Bilek, L.D.; Jackson, J.D.; Kessinger, M.A.; Berger, A.M.; Garvin, K.L,;
O’Kane, B.J.; Tuljapurkar, S.R.; Sharp, ].G. Inflammation Associated With Obesity: Relationship With Blood
and Bone Marrow Endothelial Cells. Obesity 2011, 19, 2130-2136. [CrossRef]

Monteiro, R.; Azevedo, I. Chronic inflammation in obesity and the metabolic syndrome. Mediators Inflamm.
2010, 2010, 289645. [CrossRef] [PubMed]

Ortega, FJ.; Mercader, ] M.; Catalan, V.; Moreno-Navarrete, ] M.; Pueyo, N.; Sabater, M.; Gomez-Ambrosi, J.;
Anglada, R.; Fernandez-Formoso, J.A.; Ricart, W.; et al. Targeting the circulating microRNA signature of
obesity. Clin. Chem. 2013, 59, 781-792. [CrossRef]

Hijmans, J.G.; Diehl, K.J.; Bammert, T.D.; Kavlich, PJ.; Lincenberg, G.M.; Greiner, ].J.; Stauffer, B.L.;
DeSouza, C.A. Influence of Overweight and Obesity on Circulating Inflammation-Related microRNA.
Microrna 2018, 7, 148-154. [CrossRef]

Shi, C.; Zhang, M.; Tong, M.; Yang, L.; Pang, L.; Chen, L.; Xu, G.; Chi, X.; Hong, Q.; Ni, Y,; et al. miR-148a is
Associated with Obesity and Modulates Adipocyte Differentiation of Mesenchymal Stem Cells through Wnt
Signaling. Sci. Rep. 2015, 5, 9930. [CrossRef]

Huang, F,; Zhao, J.-L.; Wang, L.; Gao, C.-C.; Liang, S.-Q.; An, D.-J; Bai, J.; Chen, Y.; Han, H.; Qin, H.-Y.
miR-148a-3p Mediates Notch Signaling to Promote the Differentiation and M1 Activation of Macrophages.
Front. Immunol. 2017. [CrossRef] [PubMed]

Ginhoux, F; Jung, S. Monocytes and macrophages: Developmental pathways and tissue homeostasis. Nat.
Rev. Immunol. 2014, 14, 392. [CrossRef] [PubMed]

Grainger, ].R.; Konkel, ].E.; Zangerle-Murray, T.; Shaw, T.N. Macrophages in gastrointestinal homeostasis
and inflammation. Pflugers Arch. 2017, 469, 527-539. [CrossRef]

® © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1189/jlb.1106702
http://dx.doi.org/10.1002/jcp.26429
http://dx.doi.org/10.4049/jimmunol.172.5.2731
http://www.ncbi.nlm.nih.gov/pubmed/14978070
http://dx.doi.org/10.1111/j.1432-1033.1993.tb17826.x
http://dx.doi.org/10.2174/1389200214666131211160308
http://dx.doi.org/10.1038/oby.2011.246
http://dx.doi.org/10.1155/2010/289645
http://www.ncbi.nlm.nih.gov/pubmed/20706689
http://dx.doi.org/10.1373/clinchem.2012.195776
http://dx.doi.org/10.2174/2211536607666180402120806
http://dx.doi.org/10.1038/srep09930
http://dx.doi.org/10.3389/fimmu.2017.01327
http://www.ncbi.nlm.nih.gov/pubmed/29085372
http://dx.doi.org/10.1038/nri3671
http://www.ncbi.nlm.nih.gov/pubmed/24854589
http://dx.doi.org/10.1007/s00424-017-1958-2
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Animal Care and Diet 
	Cell Culture and Treatments 
	Cytokine Secretion Analysis 
	Reverse Transcription and Quantitative Real-Time PCR (qRT-PCR) 
	Statistical Analysis 

	Results 
	Repression of LPS Stimulated-Inflammatory Responses by BCE in RAW 264.7 Macrophages 
	Suppression of Macrophage Polarization into M1 by BCE in BMDM 
	Characterization of M1 Polarization in Human THP-1 Macrophages and the Role of BCE in Macrophage M1 Polarization 
	Attenuation of Inflammatory Responses to LPS Stimulation in both Resting and Polarized BMDM 
	Effect of Mouse Serum in BMDM and Its Polarization 

	Discussion 
	Conclusions 
	References

